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" Campylobacter coli VC167, which undergoes an antigenic flagellar variation, contains two full-length flagellin
genes, flad and flaB. that are located adjacent to one another in a tandem orientation and are 91.5%
homologous. The gene product of flaB. which has an M, of 58.946, has 93% sequence homology to the gene
product of flat. which has an M of 58,916 (S. M. Logan. T. J. Trust. and P. Guerry, J. Bacteriol.
171:3031-3038. 1989). Mutational analyses and primer extension experiments indicated that the two genes are
transcribed under the control of distinct promoters but that they are expressed concomitantly in the same cell.
regardless of the antigenic phase of flagelia being produced. The flat gene. which was expressed at higher levels
than the flaB gene in both phases. was transcribed from a typical ¢**-type promoter, whereas the flaB promoter
was unusual. A mutant producing only the flaB gene product did not synthesize a flagellar filament and was
nonmotile. Scuthern blot analysis indicated that flagellar antigenic variation involves a rearrangement of

flagellin sequence information rather than the alternate expression of the two distinct genes.

Cumpylobacter jeyuni and Campylobacter coli are impor-
tant gastromntestinal pathogens of humans. most commonly
producing an acute entenus (6. 8. 39). An essential step
the establishment of Cumpvlobacter entents is the colom-
zation of the viscous mucous blanket covering the epithe-
lum ot the small intestine. The moulity imparted by the
polar flagellum of the Cumpylobacier cell appears to play a
significant role in the colonmization of this mucous niche (23,
30. 3D, since nonmotle vanants appear unable to colonize
the gastromtestnal tract of expenimental animals or human
>olunteers (4. 7). Flagelhin s adso the immunodominant
nrotein antigen recognized dunng imtectuion. so flageila are
<learly important viruience determinants of the thermophilic
Jampyiobacters.

Flagellar expression in Campvylobacter spp. s subject to
hoth phase and antigemic varagon (7, 12). Phase vanation
refers to ability of some Campviobacrer strains (o exhibit a
bidrrectional transition petween Hageilated and nonflagel-
rited phenotypes (7). Anugenic vartation reters to the ability
S other strams to reversibly express tlageila of ditferent
nugenic spectiicities «12), In the case of C. cofi VC167. the
reversible variation corresponds to the production of fla-
cellar filaments contiming antigenically distinguishable flag-
cllin monomers of apparent subumt molecular weight 61,500
in anugenic phase 1 (P cells and 59,500 in antigenic phase
2(P2) cells. Importantly. recent studies with €. coli VC167
have demonstrated an 1n vivo preference tor one flagellar
phase. P2. dunng colonization in an ammal model (19),
further emphasizing the tunctional importance of this loco-
motory organelle in gastrointestinal colonization by Cam-

vlobacter spp.

Phase and antigenic vanation of surface antigens has been
descrbed for other pathogenic bacteria. ncluding fimbnal-
phase variation in Escherichia coli (1), Moraxella bovis (25),
and Neisseria gonorrhoeae (27, 35, 40), antigenic vanation
of outer membrane protens of Neisseria (40, 41) and Borre-
lia (26, 33) spp.. and antigenic variation of flagella in Salmo-
nefla tvphimurium (37, 38, 42). Presumably. the ability to

: Conesp;;dlng author.
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undergo such surface changes confers advantages to the
pathogen as 1t encounters multifarious environments. The
melecular mechanisms by which pathogens alter their sur-
face anugens are varied but often involve programmed DNA
rearrangements (5). Antigenic vanation of VC167 flagella is
associated with an as yet uncharacterized DNA rearrange-
ment at a site that 1s not adjacent to the structural genes (11.
19). As a first step in elucidating the molecular mechanisms
involved in the antigenic vartation of C. coli flagella, a
flageilin gene trom VC167 was recently cloned and the
nucleotide sequence was determined (223, The open reading
frame encoded by the gene was found to share strong
Fomology with the amino and carboxy termini of flagellins
trom other bactena and was found to be postiranslationally
modified at sernine residues (22). Hybnidization data indicated
the presence of flagellin-related information immediately
downstream ol the sequenced gene (22). suggesung the
presence of a second copy of flagellin. In this studv. we show
that there are, in tfact, two tull-length flagellin genes that are
adjacent to one another on the VC167 chromosome 1n a
iandem orientation. The two genes are highly related 1o one
another but are transcribed from scparate promoters con-
comutantly 1in both PY and P2 cells. Moreover, we provide
evidence that antigenic vanation of flagellin in C. coli results
from a rearrangement internal to the fiagellin structural
genes.

MATERIALS AND METHODS

Bacterial strains and growth conditions. C. coli VC167
serogroup L1O 8 was originally isolated from human feces
and was obtained from H. Lior. National Enteric Reference
Centre. Ottawa. Ontario. Canada. Derivatives of VC167
producing either P1 or P2 cells were selected as descnbed by
Hamns et al. (12). E. coli DHS {Bethesda Research Labora-
tones, Inc., Gaithersburg, Md.} was used as the host for
cloning experiments. Growth conditions were as previously
descnibed (22).

DNA sequencing. Double-stranded dideoxy sequencing
was performed atter alkaline denaturing by using [**S]dATP
(Dupont NEN Research Products, Boston. Mass.) and Se-
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FIG. 1. Maps of VC167 tlagellin gene clusters. (A) The portion of the DNA cloned on pGK201 123) encoding two tandemly onented
flagellin genes. Transcrnipuion of the genes 1s from left to nght. as drawn. Restriction enzymes sites marked above the line are those shared
by the two genes: sites unique to one copy are indicated below the line. (B) The onginal clone. pGK201. containing flaA and HaB. Plasmids
pGK200. pGR204. and pGK20S were used tor DNA sequencing. Plasmid pGK209 contains an EcoRI-EcoRV fragment subcloned from the
fHuA gene as indicated. Restnction sites: P. Psrl; H. Hindlll: R, EcoRL RV, EceRV: B, Bell: Bg, Bull: He. Hincll: N. Ndel.

guenase (United States Biochemical Corp.. Cleveland.
Ohior as specified by the manutacturers. The templates used
were three previously descnbed plasmids. pGK200.
pOR2M. and pGK20S (22; Fig. ). Pnmers were commer-
crally available pBR322 primers (New England Bio-Labs.
Beverly, Mass.) and custom primers synthesized on a Bio-
search 8700 synthesizer (Milligen Biosearch. Burlington.
Mass.). Custom primers were svnthesized at approximately
250- to 300-base-pair ibp) intervals on both strands as
ttageilin gene sequence became availabie. Codon utlization
indices were calculated by the method of Sharp and Li (36).

Primer extension experiments. RNA was extracted from
Campyiobacter cells grown for 12 h at 37°C on Mucller-
Hinton agar (Difco Laboratonies. Detroit, Mich.) by the
guanmdinum-cesium chloride method described by Manians
et al. (24). The RNA pellet was treated with RNase-tree
DNase (Promega Biotec, Madison, Wis.) for 10 mun at 37°C,
phenol extracted. and ethanol precipitated. Oligonucleotide
pnimers were labeled with [y-""PJATP (Dupont, NEN; as
described by Mamaus et al. (24). Pnmer extension analysis
of transcripts was performed basically as described by
Fouser and Friesen (10). Brefly. 2 pmol of *“P-labeled
pnmer was mixed with 60 ug of RNA. coprecipitated. and
suspended 10 7.5 pi s 0 mM Tris tpH 8.3)-40 mM NaCl-0.§
mM EDTA. After heating 10 65°C. tiie pruner was annealed
at 37°C for 1 h. A total of 3.5 wul of mix R (70 uM JATP. 70
uM dCTP, 70 puM dGTP. 70 uM dTTP. 30 mM MgCl,,. 3 mM
dithiothreitol, 0.6 ug of actinomycin D per mi) and 20 U of
avian myeloblastosis virus reverse transcriptase (Pharmacia.
Uppsala, Sweden) was added. After incubation at 37°C for 1
h. S ul of sequencing dye was added. aud Gic samip's voas
heated for 3 min in a boiling water bath. A S-ul amount of

cach extension reaction was run on an acryvlammde sequenc-
ing gel in paraltel with a DNA sequence ladder pnmad with
the same oligonucleotide used in the pnimer extension reac-
ton.

Hybridizations. DNAs were nick translated with {a-
“PIdCTP by using a commercial kit (Dupont. NENt Con-
ditons of hybridization were as descnbed by Guerty et al.
(11

DNA manipulations. Plasmid DNA extraction procedures
were as previously descnibed (22). Total DNA extracuons
from Campylobacter cells were done by the method of Hull
etal. (15). Resinction cnzyvmes and T4 polvnucieoude higase
were purchased from Boehringer Mannheim Biochemicals
(Indianapohs, Ind.) or New England Bio-Labs and were
used under the conditions recommended by the suppher.

Electrophoresis and Western blotting (immunoblotting).
Sodium dodecyl sulfate-polyacrylamide gel electrophoresis
was performed with a minislab gel apparatus (Hoetfer Sci-
entific Instruments, San Franaisco. Culif.) by the method of
Laemmli (18). Protein sampics solubilized in sample butfer
were stacked in 4.5% acrylamide (100 V. constant voltage).
separated in either 7.5 or 12.57 acrylamide (200 V. constant
voltage), and stained with Coomassie blue or transferred to
nitrocellulose for immunological detecuon as previously
described (22).

“Mutational analysis. Gene disruption and replacement
methods were basicaily thos= desc~hed by Labigne-Roussel
et al. (17). Conjugal transfer of the disrupted tlageitin genc
from £. coli to C. coli VC167 was done by using as a donor
a strain of DHS harboring plasmid RK212.1 (9) under the
wating conditians Aecerihad by [ abigne-Roussel et aj. (17).
Selection of Campylobacrer transconjugants was on Muel-
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ler-Hinton medium supplemented with trimethopnm (10
pg/ml) and kanamycin (100 pg/ml). Motility was determined
by using the pour plate method described by Caldwell et al.
(N.

RESULTS

DNA and protein sequences of the second VC167 flagellin.
Plasmid pGK201. which contains a 10-kilobase-pair (kb)
Clal fragment from the VC167 chromosome, has been
shown to contain a full-length flagellin gene (22). now termed
faA. Hybndization studies had suggested that a second copy
of flagellin resides adjacent to the first on this plasmid (22).
DNA sequence analysis of this region confirmed the pres-
ence of a second full-length flagellin gene. flaB (Fig. 1}. The
two genes are tandemly onented and separated by 216 bp.
The DNA sequence of flaB is compared with that of faA in
Fig. 2. and the deduced protein sequences of the two
flagellins are compared in Fig. 3. The two DNA sequences
are remarkably conserved. with an overall sequence similar-
ity of 91.5%%, suggesting that they arose as a result of gene
duphcauon. There are regions of the two genes that are
totally identical, lacking even third-base-pair changes. There
15 also a strong bias for codons with A or T in the third
position in both genes (data not shown). as would be
expected tor an organism with a G- C content of 30.1 to 337
(3, 32). The HaA gene encodes a polvpeptide of 371 amino
acids tatter removal of the first methionmine) with a predicted
posttranslationaliy unmodified M, of 38.916 (22): the fluB
gene encodes a polypepude of 572 amino acids with a
sredicted posttransiationally unmodified M, of 58.946. The
two proteins share 93 homology at the amuno acid level.
All regions of the flagellin protein known to be postiransia-
donally mod:fied (22) are 1dentical in both molecules. Al-
though most of the changes occur in the amino and carboxy
ends of the molecules. there are two areas of masor changes
in the middle regions of the two proteins «Fig. 3. The first s
caused by a rrameshift mutation (Fig. 21 and accounts for the
tact that fiaB encodes one additional amino acid.

Analysis of the promoter regions. The sequences of the &
noncoding regions of the two genes are compared in Fig. 4.
In the case of flaB. this region represents the interzenic
region, which contains two nearly pertect 49-bp repeats
separated by 35 npucieotides. Within these repeats are two
identical stem-loop structures. These potential terminator
sequences for the flaA gene have free-energy values of ~14.8
kcalt —al.2 kJ)¥mol and are separated by 60 nucleotudes. The
region immediately upstream ot the translational start of
both genes. including classical AGGA putative nbosome-
binding sites. i1s the most highly conserved region. Both
AGGA sites are 6 nucleotides from the translational titia-
tion codon. An area upstream of flaA 1s indicated which
shares strong homology to the consensus sequence for a
o8.type promoter (13). The corresponding areas of fluB
share some homology at the — 35 region but little homology
in the —10 region. Primer extension experiments using
mRNA purified from Pl and P2 cells were performed to
determine the transcriptional initiation sites and to deter-
mine which gene(s) is expressed in each flagellar phase. The
mRNA from each phase was primed with oligonucleotides
specific for the flad (5 TAATTTCTCCTGTTTA-3) and
HaB (5'-AACGTCCCTAGCATTAA-3') genes. [ hese oligo-
nucleotides bin? :~ the coding strand of each eene .: 2
position starting 52 bp downstream of the AU start. Both
genes appeared to be transcribed independently in both
flagellar phases (Fig. 5). In addition, the flaA-spe~ific oligo-

CAMPYLOBACTER FLAGELLIN GENES 1855

nucleotide gave a higher relative signal in primer extension
experiments than the flaB-specific oligonucleotide, and this
relative signal strength was the same using mRNA templates
from P1 and P2 cells (Fig. 5). The start point for laA (Fig. 4)
is that predicted from the position of the o~® promoter. The
start point for flaB. which is closer to the structural gene by
17 bp, and the putative —35 and —10 promoter regions of
AaB. determincd on the basis of this start point, are also
indicated in Fig. 4.

Mutational analysis of flagellin genes. Gene replacement
techniques (17) were used to generate flagellin mutants.
Plasmid pGK200 (22: Fig. 1) contains a 2.3-kb HindlIl
fragment containing the first 311 bp of the fluA gene and
approximately 2 kb of nonflagellin DNA sequence 5' to the
start of flaA. There is a unique Bgl/ll site located 162 bp
downstream of the translauonal start of the fluA gene. A
Campylobacter gene for kanamycin resistance was cloned as
a BamHI1-ended cassette tfrom plasmid pILL600 (17) into this
Bglll site. The resuiting Hindill fragment. in which the flaA
flagellin sequence had been disrupted by the kanamvcin
resistance gene. was transterred into the Cumpylobacter
suicide vector pILLS60. which is capable of being conjugally
mobilized by IncP plasmids into. but is not capable of
autonomous replication in. Campylobacter cells (17). The
resulting plasmid. pGK200. was transiormed into a strain of
DHS harbonng the conjugative IncP plasmid RK212.2 (9).
Conjugative transter from E. coli to C. coli VC167 P1 was
performed as described by Labigne-Roussel et al. (17). All
kanamvcin-resistant  Camipyviobacter transconjugants ob-
tatned should represent events in which the kanamycin
resistance gene was rescued by a crossover between the
Campylobacier sequences flanking the kanamycin resistance
gene and the corresponding regions of homology in the
chromosome. Such a single crossover resulted in a duphca-
tion of sequences on the chromosome (Fig. 6A); excision of
the vector DNA and one copy of the flagellin informauon
should occur bv the anaiogous single reciprocal crossover.
In this case. 1n which there are two repeating regions of
homology. represented bv the two tandem tlagellin genes.
two distinct second recombinauonal events are possibie. and
both were isolated (Fig. 6A). The tirst class, exemplified by
mutant VC167-B2. vccurs when the second recombinational
event occurs within the fuA gene. This results in a simple
replacement of the Kanamvcin-inactivated flagellin  se-
yuences for the corresponding rfaA chromosomal sequences.
If the recombinational event occurs within the HaB gene, all
of the chromosomal copy of flud is deleted. This second
class, which was the predominant ¢lass isolated (three of five
transconjugants). is represented by mutant VC167-B3. Fig-
ure 6B shows a Southern blot analysis of Hindlll-digested
DNA from wild-type VC167 (lane 1). VC167-B2 (lane 2). and
VC167-B3 (lane 3) probed with pGK201. In VC167-B2. the
HindllI fragment, H3. had increased in M, by approximately
1.4 kb. the size of the inserted kanamycin resistance gene. as
compared with wild-type VC167 DNA (i.e.. from 2.3 kb to
3.7 kb). In VC167-B3. the H3 fragment had also increased in
size: in addition. all of the H4 fragment. which encodes the
3" end of fluA and the 3’ end of AuB. was deleted.

Both VC167-B3. which is genotypically flaA flaB. and
VC167-B2, which is flaA flaB" . are nonmotile. No flagellin
can be detected on the surface of cither VC167-B2 or
VC167-B3 cells after glycine extraction (20: data not shown).
Huwever, Westeni Uivt anaivais ui whale cell preteins vang
a polvcional antibody directed against campylobacter flag-
ellin (21) demonstrated that the fluB gene product was being
expressed in VC167-B2 (fjg.‘_f)C. lane 3) at low levels. No
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FIG. 2 Companson of DNA sequences of Had (23) (top liney and faB (bottom hinet genes of C. coli VC167 P1. Colons indicate that
identical bases: changes are so indicated Numbers at the nght reter to base pairs of the flu8 gene. The Hull gene contains three additional

bases at positions S22, 826, and S34

immunologically reactive matenal was produced in VC167-
B3 (Fig. 6C, lane 4.

Mechanism of antigenic variation. The biochemical and
genetic data presented above indicate that both flaA and fluB
are expressed in VC167 Pl and VC167 P2 and that alternate
expression of the two genes is not involved in flagellar
antigenic vanation. In other pathogens. antigenic vanations

often involve internal rearrangements of structural genes (4).
To test this possibility, DNAs from VC167 P1 and VC'67 P2
cells were digested with various restriction enzymes and
anatyzed by Southern blot hybridization. using **P-labeled
pGK201 DNA as the probe. No rearrangements were ob-
served when the DNAs were digested with either Hindlil
(Fig. 7. lanes 1 and 2) or EcoRV {(lanes 5 and 6). However.
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FIG 3 Comparison of the wene products of the taA and AuB
senes of C ool VO167 PL The open reading trame encoded by flud
~ ~hown on the top line (23, and that encoded by fluB 15 below it
Dashes indicate dentical residues: changes are soandicated. Num-
~ers at the right refer to the amino acid residues of the faA gene.
\sterisks indicate positions ot serine residues hnown to modified
231 both PLand P2 flageiliny Amino acids are designated by the

angle-letter code

when the DNAs were digested with #Hincll. o band of
appronimately 2 kb hyvbndized to the probe i VC167 Pl
DNA dane 31 but notin VC167 P2 dune 4. To be certarn that
the rearrangement invohved flagellin sequence information
and not some of the non-fagellin-coding information present
on the pGK20! probe. 4 simular Southern analysis was
nertormed with plasmmd pGK 209 as the probe. This plasmid
represents a subclone of a 323-bp EcoRI-EcoRV fragment
from the middle of the fluA gene (Fig. 1) and corresponds (o
the coding region for the second of the two major internal
changes between fluA and flaB (Fig. 3). When pGK209 was
used to probe Hincli-digested Pl and P2 DNAs, the same
2-kb fragment was observed in P1 but not P2 DNA (data not
shown). This resuit indicates that the transttion from Pl to
P2 involves a rearrangement of the structural genes. The
original clone of both genes. pGK201. does not contain a
2-kb Hincll fragment. suggesting that partial flagcllin-coding
information. corresponding to an antigenically vanable re-
gion, lies outside the cluster of genes present on pGK201 and
that this partial copy if involved in antigenic vanation.

DISCUSSION

This work confirms that C. coli VC167. which undergoes a
flagellar antigenic variation. contains two full-length copies
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GATGCAATATTTIGAAAA TTTARAATG f1aB 2
- rbe

FIG. 4. Comparison of the 5’ noncoding regions of fluA and fuB.
The 214-bp regions upstream of the two flagellin genes are com-
pared. The sequence 3" to fluA is on the line 1. and the sequence Al
10 HuB tand 3° 10 AuAris on line 2. Identical bases are indicated by
colons. The final ATG in bold italic letters represents the transla-
tional start of each structural gene. The mRNA start points tor each
gene determined by primer extension expenments are indicated by
astensks. Putative nbosome-binding sites (rbs) for each gene are
marked by dotted underlining. A o**-tvpe promoter lies in the
appropnate position relative to the mRNA start site on the fad
seguence tdouble underlined at the —35 and -10 positions). The
consensus o~ promoter contains the sequence CTAAA at the —-3%
position and CCGATAT at the - 10 position (13). The position ot a
putative promoter sequence for flaB. determined from the position
of the mRNA stant point. is also indicated by double underlining.
Arrows indicate two 1dentical palindromic sequences that mav
function as transcniptional termunators of the fladA gene: these
sequences are inciuded within nearly pertect 49-bp repetitive se-
quences (underhined).

of flagellin. The two genes. which are tandemly oriented and
93¢ homologous. are separately transcribed in both ant-
genic phases. indicating that antigenic vanation 1s not a
result of the alternate expression of fla.d and fluB. The
genomic organmization of VC167 flageilins resembles that
described for Rhizobium meliloti (34), which also has two
tandemly arranged fagellin genes that are 8777 homologous.
However. in this oreamsm, the gene products of both genes
are found in a complex flagellar filament in approximately
stoichiometric amounts, as determined by amino acid sc
quencing data (34). The N-terminal amino acid sequence of
flageliin purified from fagellar filaments of P1 and P2 VC167
cells is identical in both phases tor the first 38 amino acids
(20). This amino acid sequence is that encoded by the flaA
gene: the changes in the amino terminal sequence encoded
by flaB have not been observed in amino acid sequencing of
flageilin from either VC167 P1 or P2 cells. This would
suggest that the flaB gene product is not present as a major
constituent in the flagellar filament of either phase. How-
ever, internal peptides encoded by flaB have been observed
during protein sequencing of tryptic peptides from both P1
and P2 cells in minor amounts {data not shown). further
suggesting that the flaB gene is expressed at low levels in
both phases.

The relative signal strength in both primer extension and
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FIG. 5. Determination of faA and flaB transcription start sites by pnmer extension. (A) flaA-specific primer extended on mRN A templates
from VC167 P1 tlane 1) and VC167 P2 (lane 2) cells. (B) fluB-specific primer extended on mRNA templates tfrom VC167 Pl tlane 1) and VC167
P2 (lane 2} cells. The corresponding sequencing ladders for each reacuon are shown (ACGT), and the §' end of the mRNA sequence s

displayed at the right.

Western blot analyses suggests that the flad gene is ex-
pressed at higher levels than flaB in both phases. In other
systems. bactenal flagellins compnise up 1o 37 of the total

start point. The putative promoter of the HaB gene 1s unusual
and presumably represents a weaker promoter. The pres-
ence of a strong o-*like promoter 3’ to the fad gene raises

the question of why the fluA gene 15 not expressed ut
immunologically detectable levels in £. coii 122). Fusion of
the fluA promoter to a promoterless chloramphenicol acetv!-
transferase gene indicates that the promoter can function n
E. coli (data not shown). The lack of detectable Camprio-

cell protein and are transcribed under the control of strong
promoters resembling that of the B. subiilis ¢=* promoter (2,
29). A sequence beanng a strong homology to the o
promoter 1s present &' to the flad gene in the appropriate
posttion tor the promoter. as determined from the mRNA

A B
»aR2001
AN [T
X flaa Fla®
M 13 (¥R H2 38 a8
FleA Kkm Flad Flaa Slal
—~——1> S T——
Escislen ot FaA /
FleA__ xm riea
n S wratrars
Otm, 37 &8 we T
vCtarh2 veCi1878)y

1 2 3 4

FIG. 6. Construction and charactenization of flageihin mutants. tA) Construction of flagellin mutants by gene replacement techmques (pot
to scale). A Campvyiobacter kanamyctn resistance gene was cloned into a unique Belll site on plasmid pGK200. and the resuiting 3.7-kb
Hindlll fragment was subcloned in the suicide vector, pILLS560 (17}, to generate pGK2001. After conjugal transter into VC167 P1 cells. a
single crossover event allowed pGK2001 to integrate mnto the VC167 chromosome as indicated, resuiting in a partial triplication of flageilin
sequences. Excision of vector sequences could occur at regions of homology in fluA or fluB. as indicated, generauing two classes of mutants.
typified by VC167-B2 and V('167-B3. (B) Southern blot analysis of VC167-B2 and VC167-B3 mutants. Total DNA from each mutant and
VC167 wild-type was digested with Hindlll. electrophoresed. transferred to a nitrocellulose membrane. and probed with pGK201. Lanes: 1.
VC167 P1: 2, VC167-B2: 3. VC167-B3. The bands 1n VC167 represent the following Hindl11 bands cloned in pGK201 (top to bottom): H2 (3.8
kb). H3 (2.3 kb). and H4 (1.8 kb). (C) Western blot analysis of whole-cell fysates. using rabbit polyclonal antiserum SML2 (22} at a 1:10.000
dilution. Lanes: 1, VC167 P1; 2, VC167 P2 3. VC167-B2: 4. VC167-B3.
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FIG. 7. Southern blot analysis of VC167 Pl and P2 DNAs.
DNAs from Pl and P2 celis were digested with vanous restnction
enzvmes. electrophoresed. transferred to a nitrocellulose mem-
brane. and probed with pGK201. Lanes: 1. VC167 Pl DNA.
restncted with Hindlll; 2. VC167 P2 DNA, restncted with HindlIl:
3, VC167 P1 DNA, restncted with Hincll: 4. VC167 P2 DNA.
restricted with Hincll: 5. VC167 P1 DNA, restncted with EcoRV: 6.
VC167 P2 DNA. restricted with EcoRV. Fragments H2 (3.8 kb). H3
12.3kb). and H4 (1 8 kb) are visible in the Hindlll digests: the Hincil
fragment visible 1n lane 3 1s approximately 2 kb. Vector sequences
alone do not hvbndize to Cumpviobacter DNA under the conditions
used 11,

bacrer flagellin in E. coir may be due either to the fact that
the gene product 1s not posttransiationally modified (22) or to
codon utilization differences. There is a positive correlation
between the degree of codon bias and the level of gene
cxpression, with more highlv expressed genes hav.ng the
strongest constraints (36). The codon uulization index.
which 1s a measure of codon usage bias (361, is 0.455 for the
sap gene of E. colit16) and 0.232 for the flaA of C. coli. This
wower value for HlaA reflects the presence of suboptimum
codons tn the £. coff host. Since both the iiag and flaA genes
are transcribed by «trong o-Y-type promoters. this wouid
suggest that translatonal barmers contnbute to the lack of
expression of AaA n the toreign host,

Most plain bactenal flageihns, including the VC167 flagel-
uns. share considerable homology at the amino and carboxy
regrons of the molecule. which tunction in assemblv and
transport (14). The central nontunctional regions of flageiling
are antigenically diverse. [tis surpnising, therefore, that over
hait the amino acid changes occurning between the flaA and
HaB gere products of VC167 occur in the amino and carboxy
regions. The central regions of fluA and fluB do have two
major areas of change. but throughout this putative vanable
region. there are only 15 total amino acids changes. The data
indicate that the flaA gene represents the major component
of the flagellar filament and that the gene product of flaB is
not assembled into a functional flagelium in the absence of
the flaA gene product. The simplest explanation for this
finding would be that not enough gene product is synthesized
under the flaB promoter to assemble a functional flagellum.
The changes in the amino and carboxy regions of the fluB
gene may also represent mutations affecting assembly or
transport (14). Alternauvely, it may be that the VC167
flagellum reszmbiles that of Caulobacter crescentus, in which
distinct flagellins assemble into different regions of the
filament (28), and that both the flaA and flaB gene products
are required for functional flageila in VC167. In an effort to
address these questions. we have attempted to construct
flaA’ flaB mutants. However, ali insertions of the kanamy-
cIn resistance cassette into the flaB gene in E. coli to date
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have resulted in deletions or rearrangements of the Cam-
pylobacter DNA. Efforts to construct such mutants are
continuing in an effort to elucidate the role of the flaB gene
in the structural organization of the VC167 flagellum.

The mechanism of antigenic vanation of VC167 flagella
involves a rearrangement of some internal flageilin sequence
information with undefined endpoints. The current data
suggest thai the flaA gene may represent a high-level expres-
sion locus and that the P1-to-P2 shi* involves insertion of
aiternate genetic information in the form of a partial cassette
into flaA at some point downstream of the amino-terminal
sequences. Some of this information must reside outside of
the flagellin gene cluster that has been cloned and se-
quenced. since the DNA cloned in pGK201 does not contain
the 2-kb Hincll fragment observed during the rearrange-
ment. However, we cannot rule out the possibility that the
faB gene also contributes sequence information to flaA. To
clanfy the molecular mechanism of antigenic vanation, we
are raising antisera to synthetic peptides based on the
observed changes between the fladA and fluB proteins of Pl
cells. and we are currently determining the DNA sequences
of the AaA and flaB genes cloned from P2 cells. The
relationship of this rearrangement within the structural genes
to the previously described rearrangement at a nonadjacent
locus (11, 19} is also being investigated.

ACKNOWLEDGMENTS

This work was supported in part by U.S. Navv Research and
Development Command Research Work Unit no. 61102A3M161
102BS13 AK.111 and by a grant from the Medical Research Council
of Canada to T.J.T.

We thank Agnes Labigne-Roussel and Donald G. Guiney, Jr.. for
strams and Li-Ting Liang, Garvy Majam. and Steve Martin for expert
technical assistance.

LITERATURE CITED

1. Abraham, J. M., C. S. Freitag, J. R. Clements, and B. I.
Eisenstein. 1985, An inveruble element of DNA controls phase
vanation of type 1 fimbriae of Escherichia coli. Proc. Natl.
Acad. Sci. USA 82:5724-5727,

. Arnosti. D. N., and M. J. Chamberiin. 1989. Secondary sigma
factor controls transcription of flagetlar and chemotaxis genes in
Escherichia coli. Proc. Natl. Acad. Sci. USA 86:830-834.
Belland. R. J.. and T. J. Trust. 1982, Deoxynrbonucleic acid
sequence relatedness between thermophilic members of the
Genus Campviobacter. 1. Gen. Microbiol. 128:2515-2522.

4 Black. R. E.. M. M. Levine, M. L. Clements, T. P. Hughes. and
M. J. Blaser. 1988. Expenmental Campylobacter jejuni infec-
tions 1n humans. J. Infect. Dis. 1587:472—479.

5. Borst, P., and D. R. Greaves. 1987. Programmed gene rearrange-
ments altering gene expression. Science 235:658-667.

6. Butzler, J. P., and M. B. Skirrow. 1979. Campviobacter enten-
tis. Clin. Gastroenterol. 8:737-765.

7. Caldwell. M. B., P. Guerry, E. C. Lee. J. P. Burans, and R. I
Walker. 1985. Reversible expression of fagella in Campylobac-
ter jejuni. Infect. Immun. 50:941-943.

8. Chowdhury, M. N. H. 1984. Cumpylobacier jejuni ententis: a
review. Trop. Geogr. Med. 36:215-222.

9. Figurski, D. H., and D. R. Helinski. 1979. Replication of an
ongin-containing denvative of plasmud RK2 dependent on a
plasmid function provided in rrans. Proc. Natl. Acad. Sci. USA
76:1648-1652.

10. Fouser, L., and J. Friesen. 1986. Mutations in a yeast intron
demonstrate the importance of specific conserved nucleotides
for the two stages of nuclear mRNA splicing. Cell 45:81-93.

11. Guerry, P., S. M. Logan, and T. J. Trust. 1988. Genomic
rearrangements associated with antigenic vanation in Campylo-
hacter coli. J. Bactenol. 170:316-319.

12. Harris. L. A., S. M. Logan, P. Guerry, and T. }J. Trust. 1987.

(]

"




1860

13.

14.

16.

17.

GUERRY ET AL.

Antigenic vaniation of Campylobacter fagella. J. Bactenoi.
169:5066~-5071.

Heimann, J. D., and M. J. Chamberlin. 1988. ‘tructure and
function of bactenal sigma factors. 1988. Annu. Rev. Biochem.
§7:839-872.

Homma, M., H. Fujita, S. Yamaguchi. and T. [ino. 1987.
Regions of Sulmonella rvphimurium flagellin essential for its
polymenzation and excretion. J. Bactenol. 169:291-296.

. Hull, R. A., R. E. Gill, P. Hsu, B. H. Miashew. and S. Falkow.

1981. Construction and expression of recombinant plasmids
encoding type 1 or p-mannose resistant pili from a unnary tract
infection Escherichia coli isolate. Infect. Immun. 33:933-938.
Kuwajima, J., I. Asaka, T. Fujiwara, T. Fujiwar. K. Node, and
E. Kondo. 1986. Nucleotide sequence of the Aag gene encoding
flagellin of Escherichia coli. J. Bactenol. 168:1479-1483.
Labigne-Roussel, A., P. Couroux, and L. S. Tompkins. 1988.
Gene disruption and replacement as a feasible approach for
mutagenests of Cuampvlobacter jejumi. J. Bactenol. 170:1704-
1708.

. Laemmli, U. K. 1970. Cleavage of structural proteins during the

assembly of the head of bactenophage T4 Narure (London)
227:680—685.

. Logan, §. M., P. Guerry, D. M. Rollins, D. H. Burr. and T. ).

Trust. 1989. In wvivo antigemic vanauon of Campviobacter
flagetlin. lnfect. Immun. 57:2583-2585.

. Logan. S. M., L. A. Harris, and T. J. Trust. 1987 [solation and

charactenzauon of Campyiobacter flageihins. J. Bacteniol. 169:
5072-5077.

. Logan. S. M., and T. J. Trust. 1936 Location of epitopes on

Cumpyiobacrer jeyuri lagella. J Bactenol. 168:739-745
Logan, 5. M., T. J. Trust, and P. Guerry. 1989. Evidence for
posttranslatonal modification and gene duplication of Campy/io-
hacrer flagellin. J Bactenol. 171:3031-3038

fee. A..J. L. O'Rourke. P. J. Barmington. and T. J. Trust. 1986
Mucus colonmization by Cumpyionacter 1cjunt & mouse cecu|
model. [nfect. Immun. §1:536-546

Maniatis, T., E. F. Fritsch, and ]J. Sambrook. 1982, Molecular
cloming: a luboratory manuai. Cold Spang Harbor Laboratory,
Cold Sprning Harbor. N Y

Marrs, C. F., W, R, Ruchl, ;. K. Schoolnik. and §. Falkow.
1988, Pilin gene phase vanaton of Moraxeila bovis 1s caused by
aninversion of the pilin genes. J. Bactenol. 170:20312-3039
Meier. J. T., M. {. Simon. and A. ;. Barbour. [985 Antgenic
yanation s assoctated with DN A rearrangements in refapsing
fever Borrelia. Cell 41:403 409

Mever. T. F.. N. Mlawer. and M. Sa. 1982 Pilus expression in
Netssenia vonorrnoeae 1avolves chromosomal rearrangement
Cell 30:45.52

30.

3.

3.

39,

40,

41

. Pleier. E.. and R. Schmitt. {989

36. Sharp. P. M., and W_.H. Li. {987

J BacTtERION

28. Minnich. S. A., N. Ohta, N. Tavlor, and A. Newton. 19%8. Fole

of the 25-. 27-. and 29-kilodalton flagellins in Cawlobacter
crescentus cell motiity: method for construction of defetion and
TnS insertion mutants by gene replacement. J. Bactenol. 170:
3953-3960.

. Mirel, D. B., and M. J. Chamberlin. 1989. The Bacillus subtilis

flagellin gene (fag) 1s transcnbed by the o°® form of RNA
polymerase. J. Bactenol. 171:3095-3101

Morooka, T., A. Umeda, and K. Amako. 1985. Moty as an
intestinal coionization factor for Campylobacter jejumi ) Gen
Microbiol. 131:1973-1980.

Newell, D. G. 1986. Monoclonal antibodies directed against the
flagella of Campylobacter jejuni: production. charactenzation.
and lack of effect on the colomzation of infant mice. J Hvg
96:131-141.

. Owen, R. J., and S. Leaper. 1981. Base composuion size and

nucleotide sequence similanties of genome deoxvnbonuclerc
acids from species of the genus Campylobacter FEMS Micro-
biol. Lett. 12:395400.

Plasterk. R. H. A, M. 1. Simon. and A. G. Barbour. (98¢
Transposition of structural genes 10 an expression sequence on
a linear plasmid causes antigenic vanation in the ractenum
Borrelia hermsit. Nature (London) 318:287-263.

dentification and cyuence
analvsis of two related fRageilin genes in RAizobum mewot )
Bactenol. 171:1467-1475.

Segal, E., P. Hagblom, H. S. Seifert, and M. So. 1986 Antigen;o
variation of gonococcal pilus involves assembly of separatea
sifent gene segments. Proc. Natl Acad. S USA 83:2177-21x]
The codon adaptation
index—a measure of directional sy nony mous codon ysage Pras,
and its potential applications. Nuclete Acids Res 15:1287-129¢
Silverman. M. J.. and M. Simon. 1980. Phase vanation wenetie
analysis of switching mutants. Cell 19:8458%4

. Silverman. M. J.. J. Zeig. M. Hilman. and M. Nimon. 79

Phase vanation in Su/moneita genetic anaivsis of d4 recomring.
tional switch. Proc. Natl. Acad. Soi. USA 76:39[-u<
Skirrow, M. B. 1977 Cuampriobacter ententis o new Wi
ease. Br. Med. J. 2:9-11.

Sparling. P. F.. J. G. Cannon, and * So. 98k
antigenic vanaton ot pit and outer memorane proten il oot
Neisseria gonorrhoege ) Infect. Dis. 183196201

Stern. A.. M. Brown, P. Nickel. and T. F. Mever. 19% Opacins
genes in Newsserta ¢onorrhocae. ¢onirol of phase and antigemic
varation. Cell 47:61.7]

Zieg. J.. M. Silverman. M. Hilmen. and M. Simon. ¥
Recombination switch tor gene expression Saence 196:170-

1>

Phase anu

..



